Glucagon-like peptide 1 (GLP-1) was originally identified as a gut-derived incretin hormone that lowered glycemia through potentiation of glucose-dependent insulin secretion. Subsequent studies expanded the actions of GLP-1 to include inhibition of glucagon secretion, gastric emptying, and appetite, collectively useful attributes for a glucose-lowering agent. The introduction of GLP-1 receptor (GLP-1R) agonists for the treatment of diabetes was associated with questions surrounding their safety, principally with regard to medullary thyroid cancer, pancreatitis, and pancreatic cancer, yet cardiovascular outcome trials subsequently revealed reductions in rates of stroke, myocardial infarction, and cardiovascular death with a paucity of major safety signals. We discuss the controversies, unanswered questions, and established use of GLP-1R agonists from a mechanistic and clinical perspective. We highlight methods for detection and cellular sites of GLP-1R expression, key uncertainties, recent insights, and experimental caveats surrounding the use of GLP-1R agonists for the treatment of diabetes and the reduction of diabetes-related complications.
Much of our original understanding of glucagon-like peptide 1 (GLP-1) biology stems from studies in obese animals and humans, with and without diabetes, examining the actions of native GLP-1 (1) . Notably, the actions of GLP-1 are highly conserved from small animals to primates, enabling the pivotal demonstration that continuous GLP-1 administration for 6 weeks reduced glucose and body weight while improving insulin sensitivity in human subjects with type 2 diabetes (T2D) (2) . The finding that native GLP-1 was rapidly cleared by the kidney and highly sensitive to enzymatic inactivation by dipeptidyl peptidase 4 (DPP-4) shifted the focus for clinical development away from native GLP-1 and toward longer-acting degradation-resistant GLP-1 receptor (GLP-1R) agonists (1) . The recent findings that some, but not all, GLP-1R agonists reduce the rates of cardiovascular events in humans with T2D has heightened the interest in mechanisms linking GLP-1R activation to cardioprotection. In this Perspective, we discuss the biology of GLP-1 with a view to unifying concepts linking mechanism to clinical observations. Detailed description of the cardiovascular biology of GLP-1 and the results of major clinical trials are highlighted elsewhere (3) (4) (5) (6) (7) and not re-reviewed in detail herein.
An important question that has persisted for decades is whether all of the actions ascribed to native GLP-1 and, subsequently, clinically approved GLP-1R agonists are mediated by the single known GLP-1R (8) . Indeed, there are dozens of reports describing direct actions for GLP-1 in muscle, adipose tissue, liver, and cell lines in the absence of expression of the canonical GLP-1R. For studies utilizing native GLP-1, some of the biological activities observed may reflect generation of GLP-1 and GLP-1 (28) (29) (30) (31) (32) (33) (34) (35) (36) . These smaller peptide fragments exhibit pleiotropic biological activities independent of the known GLP-1R (9), best described in liver, heart, and blood vessels, that are mediated in part through changes in mitochondrial activity (10, 11) . Nevertheless, mice with inactivation of the Glp1r fail to respond to GLP-1R agonists with changes in glycemia, insulin secretion, food intake, body weight, heart rate, or reduction in blood pressure (12) (13) (14) . Hence, the classic cardiometabolic actions ascribed to GLP-1R agonists require preservation of canonical GLP-1R signaling, although very high levels of endogenous GLP-1 metabolites may contribute to cardiometabolic phenotypes observed in subjects with GLP-1-secreting tumors or following bariatric surgery (15) . Here, we update our current understanding of GLP-1 action, highlighting mechanisms linking GLP-1R activation with clinical therapeutic benefit.
THE CARDIOVASCULAR ACTIONS AND SAFETY OF GLP-1 THERAPIES
Extensive preclinical experimentation in normoglycemic and diabetic rodents and the results of smaller clinical studies in humans with and without T2D raised the possibility that pharmacological GLP-1R agonism was cardioprotective in the context of transient ischemia, myocardial infarction, or heart failure (3, 16) . Indeed, limited human genetic data support this hypothesis. A lowfrequency missense variant (Ala316Thr; rs10305492) in the GLP1R gene was associated with reduced fasting glucose and protection against heart disease (17) . Multiple cardiovascular outcome trials (CVOTs) have been carried out examining the safety of GLP-1R agonists in individuals with T2D and existing cardiovascular disease (CVD) or multiple CVD risk factors. Individual studies to date revealed cardiovascular safety (18), a trend toward reduction in major cardiovascular events (19) , or a clear reduction in major adverse cardiovascular events (MACE) such as stroke (20) and cardiovascular death (6, 21) . Indeed, a meta-analysis of the major CVOTs was consistent with the notion that the GLP-1R agonists class reduces MACE, cardiovascular mortality, and risk for all-cause mortality (6) .
The results of these CVOTs reflect important differences in trial design, patient populations, duration of trial, and drug exposure, as well as drug-specific differences in target engagement and duration of GLP-1R activation (Fig.  1 ). The first CVOT to report results examined the effect of lixisenatide, a once-daily GLP-1R agonist, in a population of 6,068 individuals with T2D and a recent myocardial infarction (MI) or hospitalization for unstable angina within the previous 180 days (18) . Notably, the mean entry HbA 1c was ;7.6%, 22% of subjects had a prior MI, and the mean follow-up period was 25 months. Of the GLP-1R agonists studied in CVOTs to date, lixisenatide is unique in exhibiting a pharmacokinetic profile that does not extend to sustained 24-h GLP-1R activation and consequently exhibits less efficacy compared with the longer-acting GLP-1R agonists. Importantly, the trial design reflected the need to accrue a sufficient safety database to meet regulatory approval in a timely manner, rather than one optimized for demonstration of the putative cardiovascular benefits of lixisenatide.
Once-weekly exenatide was developed to provide continuous drug exposure over a 7-day period, enabling sustained engagement of the GLP-1R. Cardiovascular safety was studied in a population of 14,752 subjects with T2D, with HbA 1c of 8% at baseline and cardiovascular risk factors, including 73% of subjects with a prior history of CVD (19) . Exenatide once-weekly therapy was not associated with a difference in MACE over a mean followup period of 3.2 years, yet subjects exhibited a 14% reduction in all-cause mortality (nominally but not statistically significant according to the primary statistical analysis plan hierarchy). Notably, study participants had a mean duration of exposure to the trial regimen of only 2.4 years, with 25% of the study subjects being not fully maintained on the assigned trial regimen and more than 40% of study subjects having prematurely discontinued their assigned study medication (19) .
Liraglutide, a small-peptide GLP-1R agonist administered daily, exhibits sustained GLP-1R agonism due to its acylated structure, enabling noncovalent association with albumin and substantial resistance to DPP-4 degradation. The cardiovascular safety of liraglutide was studied in 9,340 subjects with T2D and a mean entry HbA 1c of 8.7%, age $50 years with known CVD (81%) or $60 with one or more CVD risk factors, with a mean duration of drug exposure of 3.5 years. Subjects randomized to liraglutide exhibited fewer MACE events (hazard ratio [HR] 0.87) and a reduced rate of cardiovascular death (HR 0.78).
The cardiovascular safety of semaglutide, an acylated, DPP-4-resistant, long-acting GLP-1R agonist, was studied at two doses, 0.5 or 1.0 mg once weekly, over 104 weeks in 1,638 persons with T2D, 83% with chronic cardiovascular and/or kidney disease (age $50) or at least one CVD risk factor (age $60), and a mean entry HbA 1c of 8.7% (20) . Semaglutide-treated subjects were followed for 25 months, with subjects on the drug for ;86.5% of the study period. Semaglutide reduced the rates (HR 0.74) of MACE events (but not cardiovascular death), driven primarily by a reduction in stroke. Notably, HbA 1c , body weight, and blood pressure were lower and retinopathy complications were higher in semaglutide-treated patients (20) .
As there are no direct head-to-head comparisons of different GLP-1R agonists in randomized controlled CVOTs, it is not possible to attribute differential cardiovascular outcomes obtained with each GLP-1R agonist to the individual properties of the drug versus differences in CVOT design, baseline patient population, and study execution (Fig. 1 ). In regard to the mechanistically related yet pharmacologically distinct drug class of DPP-4 inhibitors, these medications exhibit much more similar within-class pharmacokinetics, modest differences in drug metabolism, and fairly comparable degrees of target engagement and pharmacodynamic efficacy (22) . The CVOTs for DPP-4 inhibitors have generally yielded similar results, with trial-specific differences in reports of heart failure (4) . In contrast, despite the fondness for lumping drugs within a single class together, this tendency makes little sense scientifically for the GLP-1R agonists. These drugs exhibit meaningful differences in structure, dosing regimens, potential for immunogenicity, maximum serum concentration, circulating half-life, and duration of total drug exposure ( Fig. 1 ). These drug-specific properties translate into substantial differences in glycemic and body weight outcomes in head-to-head clinical trials, reflecting differences in the maximal extent and duration of target (GLP-1R) engagement (23) . The reduction in MACE events observed for liraglutide and semaglutide is also consistent with the differential metabolic efficacy of these agents, identified in head-to-head studies, relative to other GLP-1R agonists within the class.
Consider a number of attributes and differences for specific drugs within the class. Exenatide once weekly was studied using only two doses, 0.8 and 2.0 mg, in a phase 2 trial involving only 31 subjects with T2D who received exenatide and 12 individuals randomized to placebo over 15 weeks (24) . Although the 2.0-mg dose of exenatide once weekly has proved highly effective in multiple clinical trials, it seems likely that a more thorough dose-ranging exploration of its potential therapeutic efficacy might have led to a higher and more efficacious dose being selected for late-stage clinical testing. Similarly, lixisenatide was studied at four different doses-5, 10, 20, or 30 mg once or twice daily-over 13 weeks in subjects with T2D (25) . Although the greatest reduction of HbA 1c was observed with the 30-mg twice-daily regimen, a dose of 20 mg once daily was selected for clinical development, balancing efficacy versus tolerability; this regimen appeared to produce a smaller reduction in HbA 1c compared with twicedaily exenatide in head-to-head testing (26) .
In contrast, it is notable that the three most effective GLP-1R agonists-dulaglutide, liraglutide, and semaglutide-were studied more extensively in phase 2 trials, with examination of a broader range of dosing and titration regimens. For example, dulaglutide was initially studied over a range of doses encompassing 0.05, 0.3, 1, 3, 5, or 8 mg once weekly (27) , with final dose selection guided in part by an adaptive design integrating reductions in HbA 1c balanced by changes in heart rate and blood pressure. Liraglutide was initially studied at daily doses of 0.045, 0.225, 0.45, 0.60, or 0.75 mg (28), followed by subsequent analysis of the effects of 0.6, 1.2, and 1.8 mg daily and ultimately the higher 3.0-mg dose now approved for the treatment of obesity. Semaglutide once weekly, the most recently approved GLP-1R agonist, was studied at doses of 0.1, 0.2, 0.4., 0.8, and 1.6 mg and several different uptitration paradigms (29).
It also remains possible that differences in trial outcomes for GLP-1R agonists, including pharmacodynamic end points such as reduction of glycemia and body weight, reflect less well understood individual drug-specific properties that influence the magnitude and duration of GLP-1R signaling in key target organs ( Fig. 1 ). These may include differential drug transport across vascular beds, differential penetration within the central nervous system, or differential receptor activation, encompassing variability in membrane residency time, biased activation of intracellular signaling pathways, and receptor recycling (30) . There has been comparatively little attention paid to whether the clinically approved GLP-1R agonists, which range from small mammalian or lizardderived peptides to much larger hybrid proteins, exert differential receptor activation in specific cell compartments. Although the current exenatide-based drugs have not yet been shown to clearly reduce MACE events in CVOTs (18, 19) , there is no evidence that these agents are less effective GLP-1R agonists, relative to human GLP-1R agonists, when tested in GLP-1R signaling studies. Intriguingly, recent experimental evidence from studies of the transferrin receptor indicates the critical importance of ligand size for determining the extent of receptor recycling and, ultimately, expression and signaling at the plasma membrane (31) . Whether ligand size constraints impact signaling via the GLP-1R has not been extensively examined.
Hence, the mechanism(s) through which some but not all GLP-1R agonists produce a reduction in rates of MACE remain unclear. It seems reasonable to support a hypothesis that all clinically approved GLP-1R agonists might exhibit similar potential for achieving comparable degrees of cardioprotection, had they each been developed for clinical use based on optimization of dose selection, titration, drug delivery, and receptor signaling, enabling maximal sustained GLP-1R agonism (Fig. 1 ). Below we discuss existing concepts and unanswered questions surrounding our current understanding of GLP-1 biology in the cardiovascular system.
Detection of GLP-1R Expression
Reliable detection of GLP-1 receptor mRNA and protein in cells and tissues is foundational for understanding GLP-1 action, yet subject to experimental pitfalls. Our laboratory mandates detection of a full-length GLP1R mRNA transcript ( Fig. 2A ) prior to assessment of relative expression by quantitative PCR (Fig. 2B) . Notably, we strive to provide some indication of the abundance of the transcript within a reasonable range of PCR cycle numbers and not just a profile of relative expression ( Fig. 2B and C) . Although some newer antibodies for detection of the GLP-1R exhibit reasonable sensitivity and improved specificity ( Fig. 2D) , we have been unable to detect expression of the endogenous GLP-1R (known to be expressed in human islets) using conventional Western blot analyses with validated antibodies, likely due in part to low-level expression of class B G-protein-coupled receptors (32) . Some antibodies do detect the GLP-1R by immunohistochemistry in Brunner's glands and human islets ( Fig. 2E) ; however, careful attention to staining conditions and extensive analysis of positive and negative control tissues is required to mitigate detection of immunopositivity in tissues that do not express the GLP-1R. Despite the improved specificity of monoclonal antibody 3F52 and Novus 19400002, we still detect immunoreactive bands with these antisera using extracts from baby hamster kidney fibroblasts (32). Hence, it seems prudent to use a number of complementary techniques to detect GLP-1R expression with a high degree of sensitivity and specificity.
Blood Vessels
Consider whether and how GLP-1 regulates blood flow, vasodilation, and vascular reactivity in normal or diseased blood vessels. Preclinical experiments in normoglycemic or high-fat diet-fed mice have demonstrated that central nervous system GLP-1R activation controls blood flow in the femoral artery or peripheral tissues, including muscle. Multiple studies have also demonstrated that infusion of native GLP-1 improves flow-mediated vasodilation in humans with type 1 diabetes or T2D, in some settings independent of changes in glucose and insulin (3). These findings understandably raised expectations that GLP-1R agonists might similarly improve endothelial function in human subjects with T2D. Indeed, several studies reported favorable effects of GLP-1R agonists on flow-mediated vasodilation yet often failed to control for simultaneous changes in glucose, insulin, or body weight arising following acute or chronic administration of GLP-1R agonists in the setting of T2D. Despite reports of GLP-1R expression in endothelial cell lines and endothelial cells propagated ex vivo, it remains difficult to find convincing experimental evidence for expression of the canonical GLP-1R in endothelial cells or vascular smooth muscle cells (VSMs) within major blood vessels, including resistance arteries from rodents or humans in vivo (3, 33) . Richards et al. (34) detected expression of a reporter gene under the control of Glp1r regulatory sequences in mouse aorta and smaller arteries in a subset of VSMs. Perhaps not surprisingly, several carefully controlled studies using degradation-resistant GLP-1R agonists such as exenatide and liraglutide have failed to demonstrate improvement of microvascular endothelial function in obese or nonobese human subjects with T2D (35) (36) (37) . Moreover, there has been little systematic analysis of GLP-1R expression in endothelial cells or VSMs within major blood vessels from older human subjects with T2D with or without atherosclerosis. Hence, the extent to which GLP-1R agonists might exert direct actions within specific vascular beds requires more investigation.
Blood Pressure
Understanding how GLP-1R agonists reduce blood pressure (BP) independent of weight loss remains enigmatic. Extensive clinical analyses indicate that these agents lower systolic BP in hypertensive subjects with T2D in the presence of coadministered agents such as insulin and metformin (33, 38) ; however, the precise mechanisms and cellular sites linking GLP-1R agonism to reduction of BP in human subjects remain unclear. Intriguingly, GLP-1 does not appear to lower blood pressure in normotensive subjects and GLP-1R agonism has not been associated with the development of hypotension. Indeed, acute administration of native GLP-1 or exenatide attenuated the development of postprandial hypotension in older subjects or individuals with T2D, likely via reduction in the rate of gastric emptying (39) . Although weight loss often accompanies and may appear to mirror reductions of BP in trials of GLP-1R agonists, the presence or absence of modest weight loss does not invariably correlate with changes in BP in subjects treated with GLP-1 therapies (40, 41 (19) and were unlikely to have accounted for the reductions in mortality reported with liraglutide and exenatide, respectively (19, 21) . This small additional reduction in BP with GLP-1R agonists observed in controlled clinical trials likely reflects, in part, the extensive use of concomitant BP-lowering medications to achieve BP targets in subjects with diabetes treated within CVOTs and a relatively greater rate of introduction of additional BP medications in the placebo arms of some CVOTs (19, 21) .
Acute GLP-1 infusion produces a natriuresis in human subjects with T2D or obesity, but the magnitude of any sustained effect in subjects with T2D is modest (42) and appears attenuated over time (43, 44) . Understanding the mechanisms linking GLP-1R activation to acute or chronic changes in urine sodium excretion is challenging. Although GLP-1 rapidly increases atrial natriuretic factor secretion from the heart in hypertensive rats and mice (14) , the majority of hypertensive subjects with diabetes treated acutely or for several weeks with GLP-1R agonists do not exhibit increased plasma levels of atrial natriuretic factor (43) . Within the mouse, rat, and human kidney, the GLP-1R has been localized to a few scattered VSMs (34, 45, 46) , and in some instances, colocalized with juxtaglomerular cells. Nevertheless, plasma renin activity is usually not altered in subjects treated with GLP-1R agonists, and there is little evidence from human studies linking sustained changes in the activity or circulating components of the renin angiotensin system with reduction in BP in hypertensive human subjects treated with GLP-1R agonists. Hence, it remains unclear how native GLP-1 and GLP-1R agonists enhance sodium excretion or lower BP in hypertensive animals and humans.
Plasma Lipid Profiles
GLP-1R agonists acutely lower postprandial plasma triglycerides in individuals without diabetes or in subjects with T2D, and LDL levels also trend lower after weight loss in patients with diabetes or obese individuals. The most notable weight-independent actions of GLP-1 on lipids converge on the enterocyte, the cell type responsible for lipid absorption and chylomicron assembly and secretion. Activation of GLP-1R signaling rapidly lowers plasma levels of ApoB48, chylomicrons, and triglycerides in small animals as well as in normoglycemic human subjects or those with diabetes, independent of changes in plasma insulin levels (3, 47, 48) . Moreover, the rapid suppression of postprandial chylomicron and triglyceride levels is independent of gastric emptying (48) and is sustained with prolonged GLP-1R agonism in humans (49) . Nevertheless, within the gastrointestinal tract of rodents and humans, the GLP-1R is predominantly localized to enteric neurons and lymphocytes and not detected within enterocytes (50) . Hence, the suppression of enterocyte chylomicron secretion observed with GLP-1R agonists is likely indirect, perhaps mediated by neural signals. Moreover, the importance of changes in postprandial lipids as mediators of the cardiovascular actions of GLP-1R agonists or as independent predictors of cardiovascular risk remains unclear.
Inflammation and Hematopoietic Cells
The potential for GLP-1R agonists to modify inflammation might contribute to improved outcomes after MI, reduced plaque rupture and lower rates of stroke, or attenuated development of atherosclerosis (3). Acute or chronic administration of GLP-1R agonists reduces circulating levels of several inflammatory markers in some but not all human studies of individuals with obesity or T2D (3). GLP-1R expression has been reported in immune cell populations such as macrophages, but rigorous demonstration of the presence of the canonical full-length GLP1R mRNA transcript or protein in tissue macrophages from animals or humans, including within diseased blood vessels, is lacking (3, 51, 52) . The available evidence, from publicly available transcriptome analyses such as the ImmGen (Immunological Genome) Project or from experimental studies in mice, localizes functional immune cell GLP-1R expression to a subset of intestinal intraepithelial lymphocytes (53) . Similar challenges relate to interpretation of reports linking GLP-1R signaling to inhibition of platelet aggregation and reduced thrombosis in mice (54) ; notably, it is not yet clear from extensive transcriptomic analyses whether the canonical GLP-1R is expressed, detectable, and functional in mature platelets. Hence, more studies are needed of cells and tissues from animals and humans, ideally with experimental and clinical atherosclerosis and vascular dysfunction, to examine whether and how GLP-1 directly regulates immune cells or platelet biology through expression of the canonical GLP-1R.
Weight Loss
GLP-1R agonists differ widely in their ability to produce weight loss in obese animals and humans; these drugspecific differences likely reflect differential engagement of the GLP-1R in the central nervous system (Fig. 1) , where multiple GLP-1R+ regions in the mouse brain transduce signals leading to reduced appetite and weight loss (33, 55) . It remains unclear whether larger GLP-1R agonists, such as albiglutide and dulaglutide, exhibit the same potential for generating weight loss relative to smaller peptides, perhaps reflecting differential access to populations of GLP-1R+ neurons within brain regions beyond the blood-brain barrier.
Direct GLP-1 Action in the Heart
Observations from multiple laboratories demonstrated that GLP-1R agonists reduce infarct size in preclinical studies (3), either in animals treated with various GLP-1R agonists in vivo or in direct studies of the perfused heart ex vivo. Indeed, transient infusion of exenatide for 6 h at the time of revascularization modestly reduced infarct size in human subjects with or without T2D. Exenatide improved the salvage index based on the ventricular area at risk, as assessed by MRI 90 days after hospitalization for ST-segment elevation MI (56) . Although liraglutide administration for several days reduced infarct size and rates of death in normal or diabetic mice (57), the cardioprotective mechanism(s) remain elusive. Findings of reduced numbers of total (fatal and nonfatal) MIs reported in liraglutide-treated subjects in LEADER (21) has heightened interest in identification of mechanisms linking GLP-1R signaling to ischemic cardioprotection. Although some studies demonstrate that GLP-1R agonism directly modulates cardiac fuel metabolism in normal or dysfunctional hearts from human subjects with or without T2D, the existing human data are inconclusive (58, 59) , and limited information is available regarding whether and how GLP-1 alters myocardial fuel metabolism in the ischemic or failing human heart. The accumulated evidence suggests that the GLP-1R is predominantly expressed in atria, and not ventricles, in hearts from mice and rats (3), indirectly localized via reporter gene expression to atrial cardiomyocytes and VSMs in mouse ventricle (34) . Subsequent studies identified GLP-1R expression within the sinoatrial node as detected by immunocytochemistry, ligand binding, and in situ hybridization in monkeys and humans (32, 45) .
Indeed, GLP-1R agonists consistently increase heart rate in human subjects who are normoglycemic, obese, or have diabetes, and the relative increase in heart rate is likely proportional to the extent and duration of GLP-1R engagement (Fig. 2) (38) . Although conditional genetic reduction in expression of the atrial GLP-1R did not diminish the cardioprotective actions of liraglutide in mice, heart rate was reduced in animals following reduction of atrial GLP-1R expression (60) . Hence, although the GLP-1R-dependent increase in heart rate likely reflects contributions from engagement of the GLP-1R within the autonomic nervous system and sinoatrial node, the mechanisms and cell types linking GLP-1R agonism to reduction of infarct size in preclinical studies are not known.
Even less data informs the expression and localization of the GLP-1R within the human heart. Wallner et al. (61) detected GLP1R mRNA transcripts by RT-PCR in RNA isolated from all four chambers of the human heart, including right and left ventricles, as well as in isolated human cardiomyocytes from the left ventricle (61). Consistent with these findings, full-length GLP1R mRNA transcripts were detected in RNA isolated from all four chambers of 15 human hearts (Fig. 2) at levels approximating those detected in human pancreas (32) . Nevertheless, the results of these studies reflect the very small areas of heart sampled in each biopsy and may not be indicative of GLP1R expression within different regions of each heart chamber. Moreover, the specific cell types within the heart containing GLP1R mRNA transcripts or immunoreactive GLP-1R protein were not detected following analysis of sections from several dozen human ventricles (32) . Hence, the precise cellular localization of human cardiac GLP-1R expression requires further study.
Heart Failure
Preliminary studies using native GLP-1 in dogs and humans suggested that continuous GLP-1R agonism improves ventricular function in the setting of chronic heart failure (3) . The interpretation of these findings was subsequently challenged by data recapitulating the beneficial action of native GLP-1 using infusion of GLP-1(9-36), a poor agonist at the GLP-1 receptor, in dogs with pacing-induced heart failure (62) . Reassuringly, no heart failure-related adverse outcomes were detected in studies examining the safety of GLP-1R agonists in the Evaluation of Lixisenatide in Acute Coronary Syndrome (ELIXA), LEADER, Trial to Evaluate Cardiovascular and Other Long-term Outcomes With Semaglutide in Subjects With Type 2 Diabetes (SUSTAIN-6), or EXSCEL (18) (19) (20) (21) , which collectively enrolled thousands of subjects with mild to moderate heart failure. Nevertheless, three smaller dedicated studies of more advanced heart failure, two with liraglutide (24 weeks) and one with albiglutide (12 weeks), failed to demonstrate functional improvement in human subjects, with or without T2D, with reduced ejection fraction and a history of hospitalization for heart failure (59, 63, 64) . Indeed, rehospitalization for heart failure was numerically more common with liraglutide (63) , and increased reports of arrhythmias, including supraventricular tachycardia, were noted in liraglutide-treated subjects in these trials (63, 64) , consistent with the localization of GLP-1R expression to the sinoatrial node. Hence, the preclinical promise of GLP-1 as an inotropic agent has not been validated in human studies.
The Kidney
CVOTs have reported reduced rates of renal end points with liraglutide and semaglutide but not with exenatide once weekly or lixisenatide (18) (19) (20) (21) , driven principally by fewer reports of microalbuminuria. Nevertheless, there is no evidence that GLP-1R agonists reduce progression to chronic kidney disease or the time to renal replacement therapy in humans with T2D. How sustained GLP-1R engagement reduces albumin excretion in the diabetic kidney is not known. Although extensive preclinical experimentation in diabetic mice and rats supports the finding of reduced albumin excretion and decreased kidney inflammation following treatment with GLP-1R agonists, there is a lack of consensus as to the prevailing mechanism(s) (33) . Notably, the GLP-1R appears predominantly localized to a few scattered VSMs in some but not most blood vessels within the rodent and human kidney, hence the link between systemic GLP-1R activation and reduced excretion of albumin remains uncertain.
The Liver
Administration of GLP-1R agonists also reduces liver fat and inflammation in animal studies and decreases liver injury, inflammation, and fibrosis in human subjects with nonalcoholic steatohepatitis (NASH) (33, 65) . Of the 23 subjects with NASH treated with liraglutide 1.8 mg daily for 48 weeks and assessed using repeated liver biopsies, 9 experienced resolution of NASH, whereas 2 subjects exhibited progression of fibrosis (65) . Nevertheless, the available evidence does not support expression of the canonical GLP-1R within rodent or human hepatocytes, and it remains unclear whether mechanisms beyond weight loss link the therapeutic benefits of GLP-1 with reduction of liver fat and decreased hepatocellular injury and inflammation.
Adverse Events Associated With GLP-1R Agonists
The most common adverse events noted with clinical use of GLP-1R agonists include nausea, vomiting, and diarrhea, likely reflecting central aversive actions of GLP-1 and the GLP-1R-dependent control of gut motility. Regulatory concerns surrounding the risk of thyroid C-cell hyperplasia and medullary thyroid carcinoma (MTC) were based entirely on data from mice and rats, which express the canonical GLP-1R on thyroid C cells, linked to stimulation of calcitonin secretion and C-cell proliferation (66, 67) . In contrast, it is difficult to detect GLP-1R expression within primate thyroid C cells (67) , and sustained GLP-1R agonism does not induce C-cell hyperplasia in monkeys (67, 68) . Indeed, associated reports of GLP-1R expression within the normal and neoplastic human thyroid (69) reflected the use of nonspecific, incompletely validated GLP-1R antisera not suitable for detection of the GLP-1R (32, 51) . Subsequent assessment using a validated GLP-1R antibody to analyze 44 different normal and tumorous human thyroid glands did not detect GLP-1R expression by immunocytochemistry in normal thyroid C cells nor in the majority of MTC cases examined (70) . Moreover, extensive clinical follow-up coupled with thousands of calcitonin measurements have failed to reveal evidence for a functional GLP-1R C-cell axis or MTC in human subjects with diabetes or obesity treated for several years with longacting GLP-1R agonists (71, 72) .
The possibility that therapy with GLP-1R agonists might predispose susceptible individuals to the development of acute or chronic pancreatitis or pancreatic cancer has received considerable scrutiny (73) . These concerns initially arose following clinical reports of acute pancreatitis in human subjects treated with exenatide. Simultaneously, histological studies reported GLP-1R expression within pancreatic ducts and preneoplastic lesions in animals and humans, and preclinical experiments linked incretin signaling to pancreatic inflammation and cell proliferation in rodents (74) . Notably, efforts to reproduce many of these preclinical findings were unsuccessful, reflecting limitations of many of the reagents and experimental designs used in these studies (74, 75) . Subsequent examination of a large number of pancreata from different strains of rats revealed spontaneous rates of histological abnormalities, including pancreatitis, in up to 72% of animals never exposed to incretin therapy (76) . Although small rises in plasma lipase and, to a lesser extent, amylase have been reported in some human subjects with diabetes treated with GLP-1R agonists, these observations reflect direct activation of the canonical pancreatic acinar cell GLP-1R coupled to enzyme secretion, and not subclinical pancreatitis (33) .
The safety of GLP-1R agonists has also been scrutinized in multiple CVOTs, which failed to generate a signal linking sustained therapy with GLP-1R agonists to pancreatitis or thyroid or pancreatic cancer (6) . Similarly, in 2,024,441 person-years of follow-up, examination of health records failed to reveal increased reports of pancreatic cancer in individuals treated with incretin-based therapies (77) . Given the long latency required for cancer signals to emerge, coupled with the low incidence rates for malignancies such as MTC, it is not yet possible to completely exclude the possibility that a cancer signal might yet emerge in longer, larger studies or following scrutiny of more extensive drug exposure using electronic health databases.
AREAS OF UNCERTAINTY
The recent observation that therapy with some sodiumglucose cotransporter 2 inhibitors and GLP-1R agonists leads to a reduction in MACE and cardiovascular death has transformed concepts and goals for the treatment of T2D. Nevertheless, the majority of subjects with T2D treated in primary care settings do not resemble the subjects enrolled in these CVOTs; patients may be younger and often have no evidence of established CVD. The available evidence suggests that the HR for MACE in patients without clinical CVD is not reduced, perhaps related to lower event rates, small numbers, and inadequate duration of exposure to GLP-1R agonists. Given the uncertainty about the cardioprotective actions of GLP-1R agonists for primary prevention of CVD, there is insufficient evidence to extrapolate the extraordinary results seen in LEADER and related trials to individuals who do not meet the entry criteria for these trials. It seems unlikely we will obtain new information informing decisions for subjects older than those studied in the CVOTs, individuals with HbA 1c less than 7%, or younger individuals not meeting the eligibility criteria for specific CVOTs. Encouragingly, a study examining the cardiovascular safety of investigational semaglutide in individuals without diabetes but with obesity, the SELECT trial (semaglutide effects on cardiovascular outcomes in people with overweight or obesity), is under way. At present, health care providers must use the available evidence base, albeit incomplete, coupled with countryspecific guidelines, to advance personalized therapeutic recommendations where the evidence is lacking.
Similarly unclear is whether GLP-1R agonists should be evaluated in selected populations of individuals without diabetes with established cardiovascular disease for purposes of secondary prevention. Given the current uncertainty surrounding mechanisms linking GLP-1 action to reduction of MACE events, it seems prudent to focus on delineation of how GLP-1R signaling controls cardiovascular biology in people with T2D prior to launching new ambitious therapeutic interventions surrounded by questions of mechanistic plausibility. Although sensitive and specific methods are available for cellular and tissue localization of GLP-1R mRNA and protein (Fig. 2) , the literature is replete with examples of failure to apply rigorous methodology for detection of GLP-1R expression, leading to erroneous conclusions surrounding the mechanisms of GLP-1 action (75) . For example, the observation of numerically greater retinopathy events in SUSTAIN-6 (20) calls into question the putative localization and functional importance of GLP-1R expression in the retina versus the established importance of rapid glucose lowering, which predisposes toward development of retinopathy. Although GLP1R mRNA transcripts were reported in the human retina, the relative levels were only slightly higher than those observed in liver, a tissue not known to express the canonical GLP-1R (33, 78) . Moreover, previous reports localizing immunoreactive GLP-1R protein within the normal or diabetic human retina may be suspect owing to the use of nonvalidated GLP-1R antisera (78) . More recent studies using a validated GLP-1R antibody together with in situ hybridization localized the GLP-1R to a few neurons within the ganglion cell layer of the human retina (79); GLP-1R+ cells were not detected within the retinal epithelium or blood vessels in eyes from individuals with history of proliferative diabetic retinopathy.
The general conservation of GLP-1 biology in animals and humans with or without metabolic disease suggests that ongoing analysis of mechanisms of GLP-1 action in preclinical studies remains reasonable, ideally complemented wherever possible by similar studies using human cells and tissues. It is now more than 13 years since the first approval of a GLP-1R agonist for the treatment of T2D, and despite much apprehension about the safety of these agents, the clinical safety database is now considerable and largely reassuring (6) . It seems timely to ask whether the agency-mandated warnings surrounding pancreatitis and MTC for GLP-1R agonists do more harm than good, given the associated apprehension versus the actual clinical data from CVOTs and the potential for reduction of MACE and cardiovascular death. The therapeutic benefit of the GLP-1 system for diabetes and obesity is now firmly established, based on a combination of robust basic and clinical science (1, 33) . Although we still have much to learn, the road ahead is well paved, brightly illuminated, and holds much promise for ongoing innovation in the treatment of metabolic disease. 
